Introduction
Climate warming raises many questions about living organisms and ecosystems. Among these, there are considerable interest in species or biome distribution prediction, carbon cycling and impacts of droughts on ecosystems and forest fires.
The problem of species distribution is mainly related to biodiversity protection. According to Thuiller et al. (2008) , a growing literature is bringing convincing proofs that changes in regional climates have already pushed species to adapt their ranges, that some species are altering their phenology and that others are in danger of extinction, or have become extinct. At the present time, biodiversity loss is mainly due to habitat loss in quantity and quality, excess of harvest pressure and pollutants (Scholes & Biggs 2005) . Nevertheless, Thuiller et al. (2008) point out recent calls to account for the climate change and the related dynamic nature of biodiversity in conservation management programs.
The challenge of carbon cycling studies is double. On the one hand, it is important to determine how each one of the ecosystems acts, as a source or as a sink of greenhouse gases to produce a global picture of carbon cycling and refine projections (Ciais et al. 2005 , Peng et al. 2009 , Tagesson et al. 2009 ). In terrestrial ecosystems, climate change will affect primary production, respiration, soil carbon stocks and fire in contrasted ways. According to model projections (Melillo et al. 1993 , Coops & Waring 2001 , Peng et al. 2009 ), temperature rise could increase net primary production by several tens of percents in various ecosystems but only when coupled with effective fertilizing effect of CO2 and precipitation increase; otherwise, only negative changes were obtained. On the other hand, farm lands but also natural habitats and semi-natural areas such as managed forests and savannahs furnish various services and goods including the source of natural productions (timbers, firewood, medicinal matters, fodder, genetic resources, etc.) in addition to their ecological functions (De Groot et al. 2002) . Accurately quantifying their values would help to implement sustainable practices and to promote the conservation of the ecological function of carbon sink and eventually of the biodiversity. Here, models reveal contrasted responses to future climate, from positive to negative effects on the services and goods but mainly increased vulnerability (Schröter et al. 2005) .
Climate projections also indicate changes in climate variability and frequency of extreme events (Easterling et al. 2000 , Giorgi et al. 2004a , 2004b , Rowell 2005 . Since many biological processes undergo sudden shifts at particular thresholds for temperature or precipitation, altered meteorological variability has long-term consequences for ecosystem composition, functioning and carbon storage (Medvigy et al. 2010) . Changes in the frequency of droughts or extreme seasonal precipitation might lead to physical and behavioural changes in a few species and to dra- Significant climatic changes are currently observed and, according to projections, will be strengthened over the 21 st century throughout the world with the continuing increase of the atmospheric CO2 concentration. Climate will be generally warmer with notably changes in the seasonality and in the precipitation regime. These changes will have major impacts on the biodiversity and the functioning of natural ecosystems. The CARAIB dynamic vegetation model driven by the ARPEGE/Climate model under forcing from the A2 IPCC emission scenario is used to illustrate and analyse the potential impacts of climate change on forest productivity and distribution as well as fire intensity over Europe. The potential CO2 fertilizing effect is studied throughout transient runs of the vegetation model over the 1961-2100 period assuming constant and increasing atmospheric CO2 concentration. Without fertilisation effect, the net primary productivity (NPP) might increase in high latitudes and altitudes (by up to 40 % or even 60-100 %) while it might decrease in temperate (by up to 50 %) and in warmer regions, e.g., Mediterranean area (by up to 80 %). This strong decrease in NPP is associated with recurrent drought events occurring mostly in summer time. Under rising CO2 concentration, NPP increases all over Europe by as much as 25-75%, but it is not clear whether or not soils might sustain such an increase. The model indicates also that interannual NPP variability might strongly increase in the areas which will undergo recurrent water stress in the future. During the years exhibiting summer drought, the NPP might decrease to values much lower than present-day average NPP even when CO2 fertilization is included. Moreover, years with such events will happen much more frequently than today. Regions with more severe droughts might also be affected by an increase of wildfire frequency and intensity, which may have large impacts on vegetation density and distribution. For instance, in the Mediterranean basin, the area burned by wildfire can be expected to increase by a factor of 3-5 at the end of the 21 st century compared to present.
Keywords: Productivity, Soil water, Fire disturbance, Climate change, Modelling matic changes in the distributions of many other species . In European regions already submitted to fire disturbance, burned area would increase under most of the scenarios owing to increased summer drought frequency (Schröter et al. 2005) . Moreover, Flannigan et al. (2009) are inclined to conclude to a general increase in burned area and fire occurrence even in the temperate and boreal regions and that this trend should continue in a warmer world. To improve projections, they particularly suggest to take into account the role of policy, practices and human behaviour because most of the global fire activity is directly attributable to people. Process-based dynamic vegetation models are tools of choice to address to the study of the above problems. They can simulate the growth of various levels of primary producers, from species (Cheddadi et al. 2006 , Kramer et al. 2010 , Gielen et al. 2010 , Hajar et al. 2010 , to "plant functional types" (Sitch et al. 2003) or to "biological affinity groups of species" (BAGs - Laurent et al. 2004 ) and eventually of different parts of the plants (roots, branches, stems, leaves, etc.) which could be useful to compute goods and their reactions to the changing environment.
They could explicitly calculate the cycling of important environmental components like water or carbon (Gérard et al. 1999 ). They could be upgraded with additional processes as far as needed (seed dispersal, insect disease, etc.).
In this paper, a new version of the CARAIB (Carbon Assimilation in the Biosphere) process-based dynamic vegetation model (Warnant et al. 1994 with changes made notably by Otto et al. 2002 and Laurent et al. 2008 ) is used to investigate the impacts of climate change on European forest ecosystems and to assess, most specifically, the changes in the interannual variability of soil water and primary productivity as well as fire intensity. Transient runs (1961-2100) with an improved module for plant spatial dynamics (plant competition and biogeography module), coupled to a fire module, are performed to follow the future evolutions of forest productivity and fires. In the new competition and biogeography modules, the description of species/BAG establishment, competition and mortality due to stresses and disturbances has been improved and these processes are now explicitly represented. The Bioclimatic Affinity Groups (BAGs), classification based on vegetation groups' climatic tolerances and requirements, are for the first time used for future projections. Thus, the improved modules allow to map future changes in biome distribution and to identify areas where stresses on vegetation, especially water stress, might increase in the future. As terrestrial ecosystems may be affected by changes in variability almost as much as by changes in mean climate (Jentsch & Beierkuhnlein 2008 , Medvigy et al. 2010 , how future climate variability will affect ecosystem functioning could become a central question. Many studies, at the local (Goulden et al. 1996 , Dunn et al. 2007 , Medvigy et al. 2010 , regional (Cao et al. 2003 , Albani et al. 2006 ) and global scales (McGuire et al. 2001 ) looked into the responses of terrestrial ecosystems (carbon balance, etc.) to current climate variability but very few addressed the effects of future climate variability change. Here, at the European scale, we examine the consequences of future changes in climate interannual variability on soil water, drought episodes and their impacts on primary productivity taking also into account the potential role of CO2 fertilization. Moreover, in relation to water stress, the expected change in wildfire is analysed with the model. 
Material and methods

CARAIB model
The CARAIB model (Warnant 1999 , Otto et al. 2002 , Laurent et al. 2008 ) is a large-scale vegetation model, originally designed to study the role of vegetation in the global carbon cycle at present (Warnant et al. 1994 , Nemry et al. 1996 , Gérard et al. 1999 or in the past (François et al. 1998 , 1999 , Galy et al. 2008 . It is composed of several modules (Fig. 1) describing respectively: (1) the hydrological budget; (2) canopy photosynthesis and stomatal regulation; (3) carbon allocation and plant growth; (4) heterotrophic respiration and litter/soil carbon dynamics; (5) plant competition and biogeography; and (6) fire disturbance. In the present study, modules 2 and 5 have been improved and the fire module implemented.
The hydrological module (Hubert et al. 1998 , François et al. 2006 evaluates the average soil water content in the root zone, the snow cover and all related water fluxes.
The canopy photosynthesis and stomatal regulation module. Canopy photosynthesis is based on Farquhar et al.'s (1980) model for C3 and Collatz et al. (1992) for C4 plants. Stomatal conductance (gs) is related to the net assimilation using the parameterization developed by Ball et al. (1987 -eqn. 1): where g0 is the minimum conductance, g1 is a constant which can be dependent on plant type, An is the leaf net assimilation, RH is the relative humidity and ca is the CO2 concentration in the canopy air. Following Van Wijk et al. (2000) , in this relationship, g1 was multiplied by a soil water dependent factor fs (eqn. 2):
where S = (SW-WP)/(FC-WP) with SW the soil water content, WP the wilting point and FC the field capacity. The constants in this relationship are calibrated in such a way that fs becomes equal to 0 at the wilting point and tends to 1 at the field capacity. In our model, fs was slightly modified to introduce a dependence on the plant type, i.e., S was replaced by an effective soil water parameter, Seff (eqn. 3):
where Smin,spec is a species-dependent water threshold at which mortality occurs in the model (see below). The scaling of photosynthesis from leaves to canopy is now performed using the De Pury & Farquhar (1997) scheme. Since this scheme already integrates radiative transfer within the canopy, the multiple layers computing for photosynthesis were suppressed and photosynthesis calculated once for each BAG taking into account the determined LAI. The incoming solar flux for the understorey is computed taking into account the absorption by the overstorey. This absorption results from the mean value due to each BAG present in the overstorey (cfr. plant competition and biogeography module).
The carbon allocation and plant growth module (Otto et al. 2002) allocates photosynthetic products to the metabolic (leaves and fine roots) and structural (wood and coarse roots) carbon reservoirs. This module also evaluates the autotrophic respiration and litter production fluxes.
The heterotrophic respiration and litter/ soil carbon module (Nemry et al. 1996) calculates heterotrophic respiration rates, as well as the time evolution of metabolic litter, structural litter and soil carbon reservoirs.
The plant competition and biogeography module evaluates cover fraction of all Bioclimatic Affinity Groups (BAGs - Laurent et al. 2004 ) on each pixel of the studied area. BAGs are defined as plant taxa gathered on the basis of vegetation morphology (height of the plant (tree/shrub/herb) and shape of leaves (needle/broad leaf)), phenology (deciduous/evergreen), and climatic affinity. To define these groups, geographical ranges of 
European plants were computed using discriminant analysis on monthly mean climatic data (monthly means of precipitation, wetday frequency, mean and minimum temperatures, diurnal temperature range, percentage of sunshine hours and ground frost frequency - New et al. 1999 ) and growing degree days above 5 °C (GDD5). The establishment of a BAG on a grid cell depends on the availability of free space on this grid cell and on the BAG climatic requirements for germination. The relevant variables controlling germination are the yearly sum of the daily temperatures above 5 °C (GDD5), the coldest monthly mean night temperature (Tcm) and the minimum monthly soil water content (SW). For germination to be possible in a given year, the values of these variables must be either lower (Tcm and SW) or higher (GDD5) than respective thresholds (Tmaxg, SWmaxg and GDD5ming) defined for each BAG (Tab. 1). All these thresholds are derived by calculating given percentiles in the observed BAG distributions (François et al. submitted) . To avoid discontinuities, probability of germination is calculated through a truncated error function (erf) centred on the threshold with a fixed width corresponding to a standard deviation of 5% (GDD5 and SW) or 3 °C (Tcm).
The initialisation of BAG cover fractions is performed assuming equal fractions for all germinated BAGs. An initial biomass of 5 g C m -2 for herb and shrub BAGs or 10 g C m -2 for tree BAGs. The cover fractions are estimated separately in each storey once a year after allocation of photosynthetic products to plant reservoirs. BAG fraction decreases are calculated daily and summed over the year. Mortality occurs owing to ageing mortality, thermal stress, water deficit stress and fire disturbances. Ageing death rate is inversely proportional to the rough estimates of BAG maximum life time, i.e., 5 yr for perennial herbs, 13 yr for shrubs and 100 yr for trees. These life times take into account mortality due to events, climatic (storms) or not (diseases), which are not simulated by CARAIB. Every year, corresponding fractions are removed from the BAG covers. Temperature and water stresses occur when 5-day running means of temperature and soil water content fall below prescribed thresholds (Tmins, SWmins) again determined for each BAG from its observed distribution (Tab. 1). Assuming a one month maximal survival time, 1/30 of the BAG fraction cover is removed daily in those conditions. To avoid numerical oscillations, the thermal stress begins 3°C above Tmins and is complete 3 °C below, while for water stress the limits are fixed to +5% and -5% of SWmins, also using an erf function as above. Finally, for fire disturbances (cfr. fire module), BAG mortality is proportional to area burned on the pixel. Mortality creates gaps in the vegetation cover. These are then filled with seeds of BAGs that can establish under current climatic conditions either BAGs that were already present on the grid cell or newly established BAGs (no dispersal rate limitations). Within the gap, the cover fraction of the established BAGs is assumed to be proportional to the BAG net primary productivity (NPP). This is the NPP of the previous year for the BAGs which were already present and 5 g C m -2 yr -1 (herbs and shrubs) or 10 g C m -2 yr -1 (trees) for newly established BAGs (consistently with the above initial biomass).
The fire module developed in CARAIB (Leroy 2007 ) is largely inspired by the approach implemented in the dynamic global vegetation CTEM model (Canadian Terrestrial Ecosystem Model - Arora & Boer 2005) . On a given grid cell, the emergence of a fire is conditioned by the three factors of the fire triangle: the availability of fuel (biomass, litter), the combustibility of the fuel (soil moisture) and the presence of a source of ignition (natural or anthropogenic). If one of these factors is missing, the fire cannot occur. The three constraints, considered in terms of probability, allow to calculate a probability of fire occurrence (Pf = Pb Pm Pi). Pb is the probability of fire conditioned on the available above-ground biomass (leaf, stem and litter pools averaged over all BAGs), Pm is the probability of fire conditioned on the soil moisture in the root zone and Pi is the fire occurrence probability linked to ignition source. The natural ignition constraint is represented by a "lightning scalar" linked to cloud-to-ground lightning frequency (flashes km -² month -1 -Arora & Boer 2005). Here, the probability of fire ignition due to human causes is not taken into account consistently with the hypothesis of a potential natural vegetation reconstructed by the model. This choice of simulating natural fires with natural vegetation will prevent us from making a detailed comparison with actual fires. Moreover, this is the most parsimonious choice to simulate fires in the future. Indeed, despite the strong effect of humans on fires through ignition but also through management and land-cover change, human behaviour is extremely difficult to simulate (Flannigan et al. 2009 ) and remains a challenge for DVMs. Consequently, in our study, the aim is only to simulate the impacts of climate change on fires but not the impacts of the changes in the human factors since the latter would require the use of a dynamic land-use model. Once the probability of fire occurrence is established, the area burned on the grid cell can be calculated. It is taken elliptical in shape with point of ignition at one of the foci. The fire spread rate is a function of soil moisture and wind speed. Fire duration controls the maximum size of this ellipse that will be reached. It depends on an extinguishing probability parameter set to a fixed value as a first approximation. Again the extinguishing probability may depend on the human behaviour through landuse and fighting efforts. Since the future evolution of these factors is almost impossible to assess, it is another reason to restrict the analysis to natural systems. Biome assignment scheme. CARAIB produces as outputs the cover fraction of all BAGs on each grid cell of the studied region. However, it is useful to transform this information on the abundance of plant types into a biome type characterizing each grid cell. Such a biome assignment scheme is useful essentially for visualizing the model results, but should not be used for comparing these results with the data. Indeed, the biome limits are rather imprecise and the biome classification generally varies from one author to the other. This biome assignment scheme is presented in Tab. 2. It will be used to provide synthetic maps illustrating the overall vegetation distribution in the model. The scheme contains a set of threshold conditions on GDD5, total NPP (NPPtot) and LAI of the grid cell (LAItot), the ratio of herbaceous NPP to tree NPP (R), the LAI of trees (LAItree) and the fraction of different types of trees. Most important thresholds are: permanent ice or polar desert is assumed to occur for GDD5 < 50, (extreme) desert for NPPtot < 0, tundra for 50 ≤ GDD5 ≤ 700 and LAItree < 0.8, semi-desert for NPPtot > 10 and LAItot < 0.3; grasslands occur for R > 0.4 and LAItree < 0.3, open woodlands for R > 0.4 and LAItree <0.3; forests occur for R > 0.4, their types being determined by the relative abundances of the different tree BAGs present in the over-storey.
Input data
The model was driven by 1961-2100 monthly mean data for mean air temperature, precipitation, diurnal temperature range, relative humidity, cloud cover (converted in percentage of sunshine hours) and surface horizontal wind speed from the ARPEGE/ Climate model (Gibelin & Déqué 2003 , Salas y Mélia et al. 2005 . CARAIB contains a stochastic generator of meteorological variables (Hubert et al. 1998) , which transforms the monthly mean data into diurnal values. In the procedure, normalization is performed after stochastic generation to ensure that the monthly mean values of the variables are not altered. Here, simulations were performed with ARPEGE/Climate dataset forced only with the IPCC A2 emission scenario (Nakicenovic et al. 2000) . Within the full range of the IPCC emission scenarios, the A2 describes the most extreme socio-economic storyline with atmospheric CO2 concentration of about 850 ppmv by 2100. Climatic anomalies of the ARPEGE/ Climate model between any given year in the future and the average climate for presentday period were interpolated to a 0.5° x 0.5° regular grid. These anomalies were then combined with 1961-1990 climatology of Climatic Research Unit (New et al. 2002 at a 10' x 10' resolution averaged to a 0.5° x 0.5° resolution) to construct future projections, using similar procedure to François et al. (2006) . Thus, for the 1961-1990 period, the average climate in the reconstructions is forced to coincide with observed climate but the year to year variability of ARPEGE/Climate model is conserved.
To be able to compare CARAIB present day annual runoff, net primary productivity and fire outputs with ground data and satellite products, a simulation was also run with CRU TS 3.0 historical climate data for the 1961-2006 period at 0.5° spatial resolution (CRU TS 3.0 in preparation). Annual runoff will be compared with runoff estimated from river discharge from the UNESCO atlas (Cogley 1998 (Zhao et al. 2005) . These data are freely available to the public from the Numerical Terradynamic Simulation Group (NTSG) (http://www.ntsg.umt.edu) or the EROS Data Center Distri- Möller et al. 1954 , Lossaint & Rapp 1971 , Schulze & Koch 1971 , Duvigneaud et al. 1972 , Sindani & Lejoly 1990 , Valentini et al. 1996 , Helmisaari et al. 2002 , Gerdol 2005 , Lagergren et al. 2005 , Yuste et al. 2005 , Chirici et al. 2007 , Luyssaert et al. 2007 , Granier et al. 2008 , field estimated NPP mean = 672.7 g C m -2 yr -1 .
The reclassified Norwegian and Swiss land cover databases for the year 2000 were added to the CLC2000 database. Gaps and missing countries were filled with the recoded 1-km resolution Pan-European Land Cover (PELCOM) and the Global Land Cover 2000 (GLC 2000) databases. Simulated area burned will be evaluated using statistics of area burned in some Mediterranean countries over the 1980 period (JRC 2008 . This simulation will also allow a comparison between the variability of NPP or other vegetation parameters (gross primary productivity GPP, soil water content, etc.) as induced on the one hand by the climate model and on the other hand by the CRU dataset.
Simulations protocol
Since ARPEGE/Climate outputs were not available for the beginning of the 20 th cen- Dury was achieved on these new time series of 10 observations using the Spearman rank coefficient.
Results
Model evaluation
As already shown by Hubert et al. (1998) at the global scale, the annual water budget simulated by the model is relatively correct since annual ru noffs compare rather well with the data from the UNESCO atlas (Cogley 1998) . Over Europe (Fig. 2a and Fig. 2b) , the geographical distribution of runoff is relatively well reproduced. For grid cells with ≥ 30 % natural vegetation (Fig.  2c) , the correlation coefficient between modelled and UNESCO run offs is 0.86 but the model generally underestimates annual runoff (CARAIB mean = 272.8 mm yr -1 , UN-ESCO mean = 421.8 mm yr -1 , t-test for paired samples = -21.80, ddl = 827, p-value = 0.00). The correlation coefficient between modelled and UNESCO run offs is 0.86, pvalue = 0.00 (Fig. 2c) . Fig. 3a Fig. 3c where CARAIB NPP is plotted versus stand-level estimates and MODIS products. CARAIB values are positively correlated with both sets of data, but CARAIB tends to underestimate the highest values and to overestimate the lowest ones. The CA-RAIB values are significantly higher than the MODIS estimates (t-test for paired samples = 12.91, ddl = 3080, p-value = 0.00), but with field data the difference between the mean is not significant (t-test for paired samples = 0.19, ddl = 70, p-value = 0.85).
As shown by Otto et al. (2002) for the global scale, despite the well-known problems of comparing vegetation maps due to classification and differences between actual and potential vegetations, there is generally a rather good agreement between CARAIB simulated biome distributions and other reconstructed potential vegetation distributions. Over Europe (Fig. 4) , CARAIB biome distribution was compared notably with Bohn et al. 2003 . With CARAIB, Europe is mostly covered by forests, from boreal forests in the north, to mixed forests in southern Scandinavia, Russia and some mountainous areas, to deciduous forests in lowlands of Central and Western Europe, and to warm temperate (Mediterranean) forests in southern Europe and on the Atlantic coast of France. However, some problems occur, particularly on places of limited extension located on the borders of the simulated area. In the extreme north of Scandinavia, CARAIB simulates boreal open woodlands while on other vegetation maps tundra seems more widespread. In the southwest of the Iberian Peninsula, potential vegetation types are of open woodlands or of matorral types, but CARAIB produces temperate steppes. In southern Ukraine, temperate broadleaf deciduous forests are simulated while steppes are observed in most areas and are probably the potential vegetation types. Fig. 5a shows the simulated and the observed area burned (JRC 2008) Fig. 5b ) but, as expected, the simulated burned area is lower due to the absence of human-induced fires.
Projections over 21 st century
Forced with the A2 scenario, ARPEGE/ Climate predicts substantial warming over Europe in all seasons (in average 4.3 °C increase of the annual mean temperature). Northern Europe shows a maximum temperature increase in winter (5 to more than 9 °C) while in southern Europe and in the Mediterranean region, the warming is more pitation (drier) changes. The winter warming in northern Europe is particularly important while the summer temperature increase over Southern Europe is in the range of EN-SEMBLES projected changes. ARPEGE produces precipitation decreases in winter over southern Europe that are more pronounced and more widespread (by up to 50° N) than those of the other climate models. In summer, the model projects very marked precipitation decrease over western (France, north of Italy) and Eastern Europe (Ukraine, Romania, etc.) and almost no change in the Mediterranean region unlike other projections. by ARPEGE/Climate. In the second simulation, the CO2 concentration is rising according to the A2 scenario in both the climate and vegetation models. The Fig. 6a and 6b display the current NPP computed by CARAIB respectively with climate from ARPEGE/Climate and CRU data. Under the first hypothesis (Fig. 6c) , the NPP anomalies predicted over Europe present a large geographical gradient. Three main evolution types may be distinguished. In cold regions, i.e., at high latitudes and altitudes, the temperature increases lead to longer growing seasons. When water is not a limiting factor, plant growth is improved and thus the modelled NPP generally increases by up to 40% or even 60-100% in the coldest regions which are currently tundras. In the cold temperate area, between approximately 50° N to 60° N, NPP might decrease by as much as 50%. These NPP reductions are due to summer droughts more recurrent than in the present. In warmer regions, i.e., Mediterranean area, western France, Eastern Europe, Ukraine, south of Russia and areas around Caspian and Aral Seas, higher predicted temperatures raise evapotranspiration. Since there are no precipitation increases, plants are subject to higher water stress and NPP goes down everywhere with local decreases reaching 80%. Assuming increasing CO2 concentration together with climate change (Fig. 6d) , predicted NPP increases throughout Europe, though there are substantial differences in the magnitude among subregions. As in the simulations keeping CO2 constant, at high latitudes and in mountainous areas, the model predicts NPP increases of 50-75%. For the temperate regions, the NPP increases are comprised between 25 and 50%. In the Mediterranean area, western France, Eastern Europe and Ukraine, NPP increases might reach 75%, but generally about 50%. Farther to the east, the model simulates very important increases of up to 500 %. The fact that NPP anomalies are displayed as percent makes that regions with current low NPP values (< 150 g C m -2 ) show the more dramatic changes. It concerns particularly south-eastern part of the studied area occupied by steppes and the extreme of northern Europe covered by tundras.
Since most climate projections indicate future changes in climate variability (Giorgi et al. 2004a , 2004b , Rowell 2005 , including the ARPEGE/Climate forced with A2 scenario used in this study, the NPP variability is also studied here. A comparison of the NPP variability for the 1981-2000 period calculated with the ARPEGE/Climate model outputs (Fig. 7a) and with the CRU dataset (Fig. 7b) reveals that GCM-derived NPP may be slightly more variable than that obtained with observed climate, at least for some areas. This discrepancy between modelled and observed climate variability may affect the NPP absolute variability calculated for the future, although the trend between the present and the future may be more robust. Under constant atmospheric CO2 concentration, the NPP interannual variability increases throughout Europe except in the northern part, in the Alps and in Central Asia (Fig.  7c) . In the Mediterranean region, in western France, in the Balkans, in Ukraine and in the Caucasus, the projected rises are most likely linked to the increase of the precipitation interannual variability in those regions. Between 50° and 60° N, higher temperatures probably induce more frequent water stress. At high latitudes, despite increasing NPP, variability decrease reflects reduced temperature variability and the associated snow cover spatiotemporal pattern. With rising CO2 concentration, an increase in NPP variability is projected in the same regions but it is more pronounced (Fig. 7d) . It is partly due to the CO2 effects on plant physiology which increase strongly NPP during years with lower climatic stresses. The evolution and the interannual variability (standard deviation) of soil water (Fig. 8) and NPP (Fig. 9) over the 1961-2100 period are analysed more precisely for two grid cells with contrasted climate, located respectively in Greece (40°N 22°E) and in Finland (66°N 28°E). In Greece, the annual mean as well as the minimum and maximum monthly soil water values decrease progressively over the 21 st century (Fig. 8a) . These decreases are statistically significant (Tab. 3). Particularly after 2050, the minimum monthly soil water reaches very low values close to the wilting point (0 in the units of the figure) and the maximum value seldom exceeds the field capacity (1 in the units of the figure) meaning that the ground water reservoir would not be refilled. The analysis of the interannual variability shows significant increase in mean and maximum time series (Fig. 8b and Tab. 4). During the same period, NPP significantly increases assuming rising CO2 concentration while, under constant CO2, a negative linear trend over whole period is significant (Fig.  9a and Tab. 3). The shape of the data rather suggests that there is no trend before c. 2050 and a stronger linear decrease after. It was confirmed by an intervention analysis. An AR (1) model was necessary; the analysis gave a 2050-2100 trend of -5.60 g C m -2 yr -2 with p-value = 0.00. Moreover, by the end of 21 st century, the interannual NPP variability significantly increases but only in the simulation with increasing CO2 (Fig. 9b and Tab. 4). In Finland, only the maximum monthly soil water amounts show a significant positive trend over the 21 st century (Fig. 8c and Tab. 3) and none of the series shows any trend in variability (Fig. 8 d and Tab. 4). As today, drought events remain rare and winter precipitations which are projected to increase in the future in this area allow ground water to be refilled. In these conditions, NPP significantly increases under both CO2 hypothesis iForest (2011) 4: 82-99 93 © SISEF http://www.sisef.it/iforest/ Tab. 3 -Trend detection in CARAIB soil water and NPP time series. Auto-regressive (AR) and moving average (MA) effects to take into account serial dependence and p-values (significant trends (unit/yr) with *, see Fig. 8 and Fig. 9 ). Fig. 9c and Tab. 3) and its variability decrease over time only with rising CO2 (Fig.  9d and Tab. 4). Climate change might strongly modify the vegetation distribution in Europe. With constant (Fig. 10a, c) and rising CO2 conditions (Fig. 10b, d) , 54 % and 61 % of European vegetation might be respectively affected by a cover change. In southern Europe, around the Mediterranean Basin and the Black Sea, future landscape is characterized by more open vegetation. The warm temperate open woodlands expands to the detriment of temperate broadleaved deciduous forests. The Mediterranean vegetation shifts northwards, in Western and Central Europe. Temperate and boreal forests shift northwards and eastwards as well as upwards in the mountainous regions. Consequently to this tree-line displacement, European tundras might disappear almost completely and might be replaced by boreal forests. The shift from mixed forest (deciduous and conifers trees) to deciduous forest is favoured under rising CO2 conditions. The CO2 fertilization effect also limits the extension of desert areas in Central Asia by stimulating grassland development.
Parameter
The projected climate changes over the 21 st century are likely to induce increased fire risk in the Mediterranean region but also in other parts of Europe. Indeed, in the fireprone regions, an increase in air temperature and a reduction in summer rainfall are expected, although uncertainties exist about the exact precipitation change pattern. Fig.   11 shows the burned area in the Mediterranean region (34°N to 44°N, 10°W to 40°E) over the 1961-2100 period. Trend detection was achieved with the log of the values for normalization using an AR (3) model. In those conditions no trend was detected (trend p-value = 0.37). Since the frequency distribution of the simulated area burned is lognormal, the series is probably too short to capture a future positive trend. Nevertheless, a positive trend was calculated for the variability (p-value = 0.01), which is probably the result of an increasing frequency of larger area burned fires after 2050. This increase is associated with more severe droughts after 2050 as illustrated in Fig. 8a for the grid cell in Greece. The large interannual variability in soil water might induce large fluctuations in the burned area. Wet years lead to burned area values which are comparable or lower than those calculated for the present while very dry years, occurring typically every 10-15 years, can increase burned areas by a factor of 3-5 with respect to present most severe fires. In middle Europe, up to 60°N and especially in western France, Poland, Romania, central Russia and Ukraine, fire frequency and intensity also increase significantly in the simulation. Thus, fire risks might increase almost everywhere in Europe and most countries might have to deal with likely increasing fire damages. Only Scandinavia and northern Russia might not have to face this increasing fire risk.
Discussion
Model Evaluation
As outlined in the Results section, runoff is generally underestimated by CARAIB over Europe. First, though the comparison deals only with grid cells covered by more than 30 % of natural vegetation (PCLM2000 map), the simulated potential natural vegetation, predominantly forests, may lead to runoff values different than the ones observed in a landscape patterned by human land use (crops areas, asphalt areas, etc.). Secondly, some features of hydrology in mountainous area, e.g., the slope effect on runoff, are not fully represented in the model. Thirdly, CARAIB contains only one soil layer which does not allow representing the sub-surface runoff in the most appropriate way.
NPP computed by CARAIB are in the range of the estimations obtained by various methods (field estimates and remote sensing products) but the model tends however to underestimate the high productivity values and to underestimate the lower ones. Note that with MODIS, according to Turner et al. (2006) , NPP tends also to be overestimated at low productivity sites, often because of artificially high values of MODIS FPAR (fraction of photosynthetically active radiation absorbed by the canopy) and to be underestimated at high productivity sites, due to relatively low values for vegetation light use efficiency in the MODIS GPP algorithm. The discrepancies between CARAIB and data might be due to land use and management factors as well as CARAIB limitations. CARAIB produces values for non-managed mature ecosystems whereas most forest stands for NPP estimation are located in managed sites even if at the time of the studies, management have ceased. Some stands are planted with highly productive clonal selections or on former fertilized agricultural soils. For instance, a poplar plantation has the highest NPP value of 1710 g C m -2 yr -1 (Gielen et al. 2005 integrated in the Luyssaert et al. 2007 database) in the Fig. 3c . Stand age is also an important factor since it is established that primary productivity declines with age (Duvigneaud 1984) . Among the limitations due to CARAIB, the underestimation of runoff may indicate a bias in the water budget which may have some impacts on NPP for soil water limited ecosystems, i.e., receiving annual precipitations lower than 1500 mm yr -1 (Luyssaert et al. 2007 ). As already mentioned, soil fertility and the influence of nutrient availability on photosynthesis and plant growth are not taken into account in the model. Moreover, the mean altitude of CARAIB 0.5° grid cells may significantly differ from stand altitude, especially in mountainous area. For instance, the Aubure site, in Vosges Mountains (France) referred with an altitude of 1000 m and a NPP of 432 g C m -2 yr -1 in Luyssaert's database (Luyssaert et al. 2007) corresponds to a CARAIB grid cell with mean altitude of only 384 m and a NPP of 689 g C m -2 yr -1 . Finally, interactions with other organisms such as insects inducing partial defoliation can induce important photosynthesis decreases (Allard et al. 2008) . This kind of disturbances is not simulated in the model which can produce overestimated NPP values.
The comparison of biome distribution obtained with CARAIB with potential natural vegetation maps underlies some problems. In Ukraine and Iberian Peninsula, the discrepancies could arise from the water budget owing to possible inaccuracy in precipitation data, in calculation of evapotranspiration or in soil data and their relationship to water conductivity. Annual runoff in these two regions is correctly calculated by the model. These regions show contrasted soil water regimes. In the Iberian Peninsula, a drought reappears every summer but winter precipitations increase soil water above field capacity and thus allow the reconstitution of groundwater stocks. On the contrary, in Ukraine, the summer drought is not so severe and recurrent, but, some years, winter precipitations are not sufficient to raise soil water above the field capacity. This can occur during two to three successive years, preventing the refilling of groundwater reservoirs. In CARAIB, tree mortality owing to water stress only begins below a fixed soil water threshold, which depends on plant type. In addition, the response is assumed quite fast (characteristic time of approximately one month). In these conditions, the model does not allow trees to survive in south-western Iberian Peninsula where the computed soil water falls below the threshold. Actually, water transfers from groundwater to the root zone should occur, especially in valley area. In Ukraine, since groundwater is not refilled trees cannot survive. It seems necessary to refine further the modelling of the vertical and horizontal dynamics of soil and ground water stocks. This kind of problem seems to appear with other dynamic vegetation models. For instance, the LPJ model also predicts deciduous trees in southern Ukraine and C3 herbs in southern Spain as dominant plant functional types (Sitch et al. 2003) . The other problem of tundra distribution in northern Scandinavia could be linked to the values of the coldest monthly mean night temperature (Tcm) or to the growing degree-day (GDD5) thresholds determined for the tree BAGs. In addition, other meteorological factors not introduced in CARAIB such as blowing ice, strong wind or snowpack extend could limit extension of tree distribution to higher latitudes and altitudes as suggested by treeline studies (Stevens & Fox 1991) .
The discrepancy between simulated and observed area burned is that only natural fires due to lightning are considered in the model. Lightning causes less than 10 % of the fires, but are responsible for the largest burned areas (FAO 2006) . Since the model simulates a fire occurrence probability for the computed potential vegetation, the probability of fire ignition due to human activities is set to zero. In human densely populated areas such as Mediterranean countries, the anthropogenic ignition due to human negligence or crime is the actual main firetriggering agent contrary to Canada, where the role of humans in igniting fires is usually small (Arora & Boer 2005) . Vazquez et al. (2002) suggest that more than 50% of area burned in Spain is caused by negligent and intentional human-ignited fires. The simulated values are larger than the expected 10% of fire due to lightning. Indeed, in natural conditions, vegetation is continuous and fire propagation is only limited by available flammable biomass and by meteorological or topographical factors (rivers, stony areas, cliffs). In the model, those factors are taken into account by an extinguishing probability parameter set to a fixed value as a first approximation. Increasing the value of this parameter could allow considering the firefighting effort and consequently reducing the burned area. Nevertheless, investigations will be necessary to include topographical resolution.
Projections over 21 st century
The impacts of climate change and the potential CO2 effect on NPP of European forest ecosystems have been highlighted by two simulations with different CO2 concentration hypothesis (constant and rising concentrations). The real response of ecosystem to CO2 enrichment is however a question which is still discussed. It is argued that nutrient availability could be limiting on the primary productivity (McCarthy et al. 2006 ). Yet, for nitrogen, results from many experimental sites lead to suppose that this is no longer the case. Owing to release of nitrogen into the atmosphere by human activities and subsequent deposition on lands, anthropogenic nitrogen sources are now controlling the carbon balance of most of the temperate and boreal forests (Magnani et al. 2007) . As a rule, the free-air CO2 enrichment FACE project results demonstrate actual fertilizing effect with C3 plants. Despite increase dark respiration with some plant species and acclimation of photosynthetic capacity (decrease of maximum carboxylation rate of Rubisco and maximum electron transport rate leading to ribulose-1.5-bisphosphate regeneration), carbon gain is markedly greater (19-46%) in C3 plants at anticipated CO2 concentration. The reasons are the stimulation of the light-saturated rate of photosynthetic CO2 uptake and the improvement of the photosynthetic use of N (Leakey et al. 2009) . Nevertheless, at some FACE sites, tree growth and NPP remain strongly limited by nitrogen availability (Finzi et al. 2007 ).
Here, most of the extra fixed carbon is allocated to fine roots with fast turnover and probably to exudates stimulating microbial activities to enhance N uptake. Trees alter their allocation priorities depending on growing conditions; they favour leaves, roots and mycorrhizae depending on nutrient and water availability (Perry 1994) . In addition, others nutrients than nitrogen could also induce limitations under enhanced CO2 air concentration, a situation occurring near steady-state nutrient cycle and full canopy development, i.e., when total fine root mass and leaf area index do not increase from year to year (Korner 2006) . Since the end of the eighties, the sensitivity of the Western Europe forests to nitrogen deposition is known. In densely populated countries such as the Netherlands, Germany or Belgium, the forests are often restricted to the most infertile soils. In those conditions, nitrogen deposition induces soil base cation depletion and tree nutritional imbalances (De Vries 1988 , Schulze 1989 , Weissen et al. 1990 ). Otherwise, in regions where water deficit gets worse, rising CO2 concentration offsets the effects of increasing summer drought. Indeed, stomatal closure rendered possible by a higher CO2 concentration induces increased water use efficiency. For C4 plants as well as for C3 plants, significant potential for increased photosynthesis and yield at elevated CO2 concentration might result from improved water use and reduce drought stress (Gerten et al. 2004 , Ainsworth & Long 2005 , Leakey et al. 2009 ). In CARAIB, CO2 concentration controls stomatal closure in combination with photosynthesis, water stress and air relative humidity, but not the physiological acclimation of photosynthetic capacity. In addition, carbon allocation between structural pools and fast decomposing organs is fixed and there is no coupling with nutrient cycles. Therefore, CARAIB with increased CO2 concentration probably overestimates NPP at anticipated CO2 concentration. Morales et al. (2007) and Olesen et al. (2007) obtain with LPJ DVM less marked productivity changes with a range of regional climate models under A2 and B2 emissions scenarios. They project the greatest changes in NPP in the northern European ecosystems (35-54 % increases) and smallest changes in southern Europe (only slightly NPP declines or increases). However, the balance between the two scenarios, with and without CO2 fertilization, might be definitely established only by combining the direct observation over long periods of time of tree physiology and the coupling of DVM with nutrient cycles.
In accordance with the conclusions of Mohamed et al. (2004) and Medvigy et al. (2010) , results show that the variability of soil water and NPP might be modified by changes in climate such as precipitations or temperature. The changes in NPP variability have to be analysed together with changes in NPP values since standard deviation is affected by the mean. NPP variability is inevitably lower in regions with low productivity.
The factors expected to play the most significant role in the fire regimes during the 21 st century are land-use and climate changes. The change in fire occurrence during the last decades closely reflects the recent socioeconomic changes underway in many European countries, especially in the Mediterranean region, such as depopulation of rural areas, decreases in grazing pressure and wood gathering, increase in agricultural mechanization and tourism pressure, etc. (FAO 2006) . These changes in traditional land use and lifestyles have implied the abandonment of large areas of farmland, the recovery of vegetation and an increase in accumulated fuel. Nevertheless, as explained in the Material and methods section, the aim here was only to simulate the impacts of climate change on fires but not the impacts of the changes in the human factors. When ecosystems under anthropic pressure are modelled, the human-caused ignitions can be determined by the population density. Thonicke et al. (2010) model human ignition as a non-linear function of population density, assuming that the number of events initially increases as more people settle within a previously unoccupied region but declines with further increases in population density due to landscape fragmentation, urbanisation and associated infrastructural changes.
Conclusion
In this paper, climate change impacts and potential CO2 fertilization effects on vegetation in Europe under the A2 ARPEGE/climate scenario have been illustrated through two simulations assuming constant and increasing CO2 concentration in the vegetation model. The A2 scenario was chosen because it corresponds to a rather important increase in atmospheric CO2 and thus to very substantial climate change leading to more extreme conditions for plants. The two simulations can be expected to bracket the future evolution of the system under an A2 ARPEGE/ Climate scenario, the actual path followed depending on the nutrient budget and the efficiency of the CO2 fertilization effects. Without CO2 fertilization, NPP might strongly decrease in many European areas except in the northern part. When CO2 fertilization is included, such decreases are not observed. However, in both cases, the simulated NPP shows increasing interannual fluctuations associated with more frequent and more severe summer droughts. These drier conditions might lead to an increasing fire risk and the annual burned area is projected to rise by a factor of 3 to 5 in the Mediterranean area compared to the present.
The study focused on the future evolution of vegetation represented by Bioclimatic Affinity Groups (BAGs). It shows that these BAGs will undergo significant change in productivity and eventually mortality associated with more severe and more frequent drought events in the future. Since they have a narrower bioclimatic spectrum, individual species are probably more vulnerable to climate change than BAGs. Consequently, it would be interesting to apply dynamic vegetation models at species level in order to analyse the response of a selected set of plant species to climate change. Dynamic vegetation models are indeed probably more appropriate tools to evaluate impacts of water stress on vegetation than niche-based models (Hickler et al. 2009 ), especially for fully transient simulations. However, to address more fully this problem, models should incorporate a more precise description of plant response to water stress with validation on experimental or observational site data.
The response of European ecosystems to climate change has been studied assuming no dispersal limitations. The future species distribution depends, however, on the capacity of plants to migrate. Thus, the introduction of a dispersal module into CARAIB should allow studying more accurately the potential species shift and knowing if they could move fast enough to survive. This kind of question is certainly more relevant for herbs than for trees; the distribution of the latter being most of the time human managed.
Moreover, it would be worth to continue further the analysis by using the outputs of several climate models and several IPCC SRES scenarios to evaluate the uncertainties of climate projections and their impacts on future vegetation evolution. The analysis and the validation of climate model variability at the diurnal, seasonal and interannual time scales should be also carried out since climate variability at all these time scales will govern the response of plant species to climate change.
